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With optical spectroscopy we provide evidence that the insulator-metal transition in
Sr2Ir1−xRhxO4 occurs close to a crossover from the Mott- to the Slater-type. The Mott-gap at
x = 0 persists to high temperature and evolves without an anomaly across the Ne´el temperature,
TN . Upon Rh-doping, it collapses rather rapidly and vanishes around x = 0.055. Notably, just as
the Mott-gap vanishes yet another gap appears that is of the Slater-type and develops right below
TN . This Slater-gap is only partial and is accompanied by a reduced scattering rate of the remaining
free carriers, similar as in the parent compounds of the iron arsenide superconductors.
The insulator-metal transition (IMT) in complex tran-
sition metal oxides with strongly correlated electrons
near half-filling of the conduction band is a longstand-
ing research topic [1]. In a so-called Mott-insulator the
on-site Coulomb-repulsion (U) splits the conduction band
into lower and upper Hubbard bands and thus gives rise
to a gap in the electronic excitations. A prominent ex-
ample are the parent compounds of the cuprates, which
become high-Tc superconductors upon doping [2]. More
recently, the layered iridate Sr2IrO4 has obtained great
attention as a high-Tc candidate but also as an unusual
Mott-insulator [3–12]. It has a relatively weak Coulomb-
interaction, due to the extended Ir 5d orbitals, but a
strong spin-orbit coupling (SOC) that cooperates to in-
duce a Mott-gap. Like the cuprates, it hosts an antiferro-
magnetic (AF) order which doubles the unit cell and thus
can also lead to a splitting of the conduction band. The
latter effect dominates for a so-called Slater-insulator for
which the gap occurs only below the Ne´el temperature
TN . Such a Slater-type gap has not yet been observed
in these iridates, but the origin of the Jeff = 1/2 insulat-
ing state is debated and it may be close to a crossover
between the Mott- and Slater-limits [6–20].
A transition from a Mott- to a Slater-type insulator
thus may be realized when Sr2IrO4 is doped towards
a metallic state and the Mott-gap is more rapidly sup-
pressed than the AF order. A promising candidate is
Sr2Ir1−xRhxO4 for which the decrease of the dc resistiv-
ity upon substitution of Rh for Ir is considerably faster
than the one of TN [21–23]. Several studies have revealed
the interesting properties of the IMT in this system [22–
34] which in general can be controlled by a change of (i)
the band filling, (ii) the strength of the electronic corre-
lations or (iii) the SOC. Whereas Rh should be isovalent
to Ir, it has been shown that the smaller SOC of Rh,
as compared to Ir, gives rise to a charge transfer be-
tween neighbouring Ir and Rh ions, and thus an effective
hole doping [22]. A corresponding shift of the chemi-
cal potential in Sr2Ir1−xRhxO4 was observed by angle-
resolved-photoemission spectroscopy (ARPES) [22, 32]
which suggest that the IMT occurs around x = 0.04 [22].
On the other hand, magnetization and neutron diffrac-
tion measurements establish that the AF transition tem-
perature decreases more gradually and persists up to
x ∼ 0.15 [22, 23, 35–39].
Here we report the optical conductivity across the IMT
of Sr2Ir1−xRhxO4. In particular, we detail how the Mott-
gap of the parent compound evolves with Rh-substitution
and gives way to in-gap states and, eventually, a strongly
correlated itinerant state. Notably, after the collapse of
the Mott-gap we still observe a smaller gap that devel-
ops only in the AF state below TN and thus can be as-
sociated with a Slater-type gap. These findings confirm
that the IMT of Sr2Ir1−xRhxO4 is governed by a com-
plex interplay of Coulomb repulsion, spin-orbit coupling
and antiferromagnetic correlations.
Sample synthesis and characterization, as well as ex-
perimental methods, are described in Ref. [40].
Figures 1(a–e) display the temperature (T ) dependent
spectra of the real part of the optical conductivity σ1(ω)
for the Sr2Ir1−xRhxO4 crystals with 0 ≤ x ≤ 0.15 (cor-
responding reflectivity spectra can be found in Ref. [40]).
They span the transition from the Mott-insulator at
x = 0 to a metallic state at x = 0.15. The spectra of
the parent compound at x = 0 in Fig. 1(a) reveal an
optical gap that develops already above room tempera-
ture and deepens continuously toward low temperature.
At 10 K, it gives rise to a nearly complete suppression
of the electronic conductivity below about 0.2 eV. The
sharp features below 0.1 eV are due to infrared-active
phonon modes. Towards higher energy, the spectra are
dominated by a double peak structure with a lower peak
around 0.5 eV (α-band) that has been assigned to the
transition between the lower and upper Hubbard bands
(LHB and UHB) of the half-filled band derived from the
Jeff = 1/2 states (around the X-point of the Brillouin
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Figure 1. (color online) (a–f) Temperature dependent optical
conductivity of Sr2Ir1−xRhxO4 with 0 ≤ x ≤ 0.15. Inset of
panel (f) shows the difference of the spectral weight integral
between 10 and 300 K, ∆S(ω) = S(ω, 10 K)− S(ω, 300 K).
zone) and an upper peak around 1 eV (β-band) due to
transitions from the Jeff = 3/2 band to the UHB of the
Jeff = 1/2 manifold near the Γ-point [5, 43, 44]. Alterna-
tively, the two-peak structure was interpreted in terms of
a mixing of optically active excitations between the LHB
and UHB of the Jeff = 1/2 band with an optically forbid-
den spin-orbit exciton [4, 45]. However, as shown below,
this latter interpretation is not supported by the doping
dependence of the α- and β-bands. At x = 0, the α-band
exhibits a strong red-shift with increasing temperature.
It also becomes broader and gains a substantial amount
of spectral weight from the β-band. These trends were
previously noted and discussed in terms of excitonic and
electron-phonon coupling effects, in analogy to those of
the parent compounds of the cuprates [43, 46]. Notably,
the Mott-gap feature evolves continuously below 300 K
without any clear anomaly around TN ≈ 255 K.
The above described gap features are still evident in
the spectra of the weakly Rh-doped samples with x =
0.02 and 0.04, in Figs. 1(b) and 1(c), respectively. How-
ever, the spectral weight of the in-gap states increases
rather rapidly and their depletion at low temperature re-
mains increasingly incomplete. Most of the additional
in-gap spectral weight originates from the α-band which
shows only a moderate red-shift but exhibits a rapid spec-
tral weight loss and has essentially vanished at x = 0.055.
This characteristic collapse of the α-band signifies the
disappearance of the Mott-gap of the Jeff = 1/2 band
around x = 0.055. In clear contrast, the β-band evolves
rather continuously across x = 0.055 and persists up to
x = 0.15. This suggests that it has a different origin than
the α-band, in agreement with the assignment given in
the previous paragraph. Despite the collapse of the Mott-
gap around x = 0.055, the low-energy Drude-peak repre-
senting the response of itinerant charge carriers remains
extremely weak up to x = 0.07. Instead, most of the
low-energy spectral weight is contained in a mid-infrared
band that is in the following denoted as M -band.
The observed rapid spectral weight loss and collapse of
the Mott-gap related α-band associated with the corre-
sponding increase of the low-energy spectral weight, with
the eventual formation of a Drude-like peak, is the spec-
troscopic hallmark of a transition from a Mott-insulator
to a strongly correlated metal. The trends are well known
from experimental studies of the doping dependent op-
tical response of cuprates [1, 47–49]. And, importantly,
they are reproduced by calculations using the one band
Hubbard model [50–53]. The computed spectra even dis-
play the M -band, that can be qualitatively interpreted
using the high U limit of the one Hubbard model, i.e.,
the t-J model [50, 52]. Within this model, the doped
holes can be viewed as spin polarons. While the Drude-
like peak reflects intraband absorption within the polaron
band, the M -band is due to more complicated excited
states involving magnons. The energy of the M -band
is predicted to scale with the superexchange constant
J [50]. In good agreement, since J is about 135 meV
in the cuprates [54] and about 60 meV for the present
iridate [55], the energy of theM -band in the strongly un-
derdoped cuprates at 0.5–0.6 eV [47, 49] is about twice
as large as that of the iridates at about 0.25 eV. In addi-
tion, the M -band may be influenced by electron-phonon
interaction, as described for the cuprates in Refs. [56–58].
At very low doping the spectral weight of the M -band
is predicted to be larger than that of the Drude com-
ponent [53]. Clearly, the data are consistent also with
this prediction. The suppression of the Drude peak for
Sr2Ir1−xRhxO4 with x ∼ 0.055 and 0.07 is likely due
to a localization of the polarons by structural disorder
(e.g., due to the Rh doping), similar as in weakly doped
cuprates [48].
The characteristic changes connected with the IMT are
further detailed in Fig. 2(a), which highlights that σ1(ω)
at 10 K increases rather rapidly with Rh-doping below
about 0.4 eV, whereas it decreases at a similar rate above
0.4 eV (up to about 1.8 eV). By fitting the σ1(ω) spec-
tra with a Drude-Lorentz model (see details in Ref. [40]),
we have quantified the contributions of the free carrier
Drude-response (D) and the M -, α-, and β-bands. The
derived peak positions and oscillator strengths are dis-
played in Figs. 2(b) and 2(c), respectively. The energy
of the β-peak decreases continuously from about 1 eV at
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Figure 2. (color online) (a) Comparison of the optical con-
ductivity at 10 K for Sr2Ir1−xRhxO4 at different doping levels.
The peak energies and oscillator strengths of the Drude-peak
(D) as well as the α-, β- andM -bands to the spectra in (a) are
shown in (b) and (c), respectively. (d) Doping dependence of
the normalized spectral weight for different cutoff frequencies
ωc.
x = 0 to about 0.75 eV at x = 0.15. The α-peak shows
a similar, moderate redshift, but its spectral weight de-
creases rapidly and vanishes around x = 0.055, marking a
sudden collapse of the Mott-gap. On the other hand, the
M-peak first appears at x = 0.02 and softens and eventu-
ally merges with the Drude-peak around x = 0.15. The
D- and M -bands together gain about the same amount
of spectral weight as the one lost by the α- and β-bands.
The doping dependent spectral weight redistribution
has been further analysed in terms of the quantity,
S(ωc) =
∫
ωc
0
σ1(ω)dω, calculated for different cut-off fre-
quencies, ωc. Figure 2(d) shows the normalized spectral
weight S(ωc, x)/S(ωc, x = 0) for the spectra at 10 K for
some representative values of ωc. For the smallest value
of 0.2 eV that is well within the gap region at x = 0,
the spectral weight increases very rapidly with the Rh
content and continues increasing up to x = 0.15. For
the higher cut-off frequencies, this increase becomes less
pronounced until at ωc = 2 eV there is no more obvi-
ous change. This confirms that the IMT mostly involves
electronic excitations below 2 eV.
Next, we focus on the gap formation of the x = 0.07
sample that occurs right below TN and thus seems to
be of the Slater- rather than the Mott-type (a similar
trend occurs for the x = 0.055 sample). Figures 3(a) and
(b) show representative σ1(ω) spectra well above, around
and well below TN ≈ 180 K and the corresponding dif-
ference plots, respectively. The low-energy part of the
spectrum at 300 K is composed of a prominent M -band
with a broad maximum around 150 meV and a weaker
and fairly broad Drude-response (that is superimposed
by several sharp phonon modes). In the paramagnetic
state, between 300 and 200 K, the spectral weight of the
M -band and the Drude-peak increases by a moderate
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Figure 3. (color online) (a) Optical conductivity of the
x = 0.07 sample at representative temperatures well above,
around and well below TN ≈ 180 K. (b) The corresponding
difference plots of the spectra of panel (a). (c) Drude-Lorentz
fit of the σ1(ω) spectrum at 10 K. (d) Temperature depen-
dences of the Drude weight (circles) and scattering rate (tri-
angles), as well as of the non-Drude spectral weight between
100 and 500 meV (squares).
amount. This additional low-energy spectral weight is
accumulated from a broad energy range above 0.4 eV
and the overall shape of the spectra is characteristic of
the response of a bad metal [59]. To the contrary, when
going from TN to T = 10 K << TN a gap-like feature
appears that involves a partial suppression of the con-
ductivity in the range from 40 to 160 meV. Most of the
missing spectral weight is transferred above the gap edge
where the conductivity is enhanced up to about 400 meV.
A smaller part is shifted to low energy, i.e., < 40 meV,
where it contributes to a narrowed Drude-peak. These
spectral changes below TN are characteristic of the for-
mation of a partial energy gap in the electronic excita-
tions with a magnitude of 2∆ ≃ 160 meV. Similar trends
have been reported for other materials with an AF or-
der that involves spins of itinerant charge carriers. A
prominent example of such a spin-density-wave (SDW)
material are the parent compounds of the iron arsenide
superconductors [60–63].
The analogy with a partial SDW gap state is further
substantiated by a fit with a Drude-Lorentz model. Fig-
ure 3(c) shows for the 10 K spectrum (blue line) that a
good fit (red line) is obtained with the sum of a Drude-
term (light-blue line) and two Lorentz-oscillators (or-
ange line) that represent the contributions of the M -
and β-bands. The temperature evolution of the ob-
tained parameters in Fig. 3(d) confirms that the spectral
weight and the scattering rate of the Drude-response ex-
hibit clear anomalies at TN . Whereas the Drude weight
slightly increases between 300 and 200 K, it suddenly
starts to decrease below TN , at 10 K it is reduced by
about 30% as compared to the value at TN . Likewise,
the scattering rate of the free carriers decreases more
strongly below TN than above TN . The orange sym-
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Figure 4. (color online) (a) Temperature dependence of the
low-energy spectral weight showing the progression of the gap
formations at 0 ≤ x ≤ 0.07 and the coherent metallic response
at x = 0.15. Vertical dashed lines denote TN . (b) Schematic
diagram of the electronic states near the Fermi level (EF)
for Sr2Ir1−xRhxO4. At x = 0, a Mott-gap occurs in the half-
filled Jeff = 1/2 band whereas the Jeff = 3/2 is fully occupied.
Rh-doping of x = 0.02 and 0.04 produces in-gap states. At
x = 0.07, the Mott gap has collapsed but the states near the
Fermi level are still partially suppressed by a Slater gap that is
induced by the antiferromagnetic order. Finally, at x = 0.15,
a correlated metal appears.
bols in Fig. 3(d) show that a similar amount of spectral
weight, as the one lost by the Drude-peak, is gained be-
low TN by the incoherent part of the spectrum in the en-
ergy range between 100 and 500 meV. This confirms that,
similar to the iron arsenide parent compounds, the SDW
gap below TN leads to spectral weight transfer from low
energy to the region above the gap edge. The enhanced
conductivity at very low energies arises from the strong
reduction of the scattering rate of the free carriers of the
remaining parts of the Fermi-surface.
Next, we compare in Fig. 4(a) the temperature evo-
lution of the low-energy spectral weight (normalized to
the value at 300 K) from x = 0 to 0.15. For x ≤ 0.04
it confirms that the gap formation evolves without any
clear anomaly across TN . At x = 0.055, the spectral
weight is almost temperature independent above TN ≈
200 K, but below TN it decreases noticeably. This shows
that just as the Mott-gap collapses the AF correlations
start to contribute to the gapping of the low-energy ex-
citations. Moreover, it suggests that the Mott-type and
Slater-type mechanisms are cooperative. The most pro-
nounced anomaly around TN is seen at x = 0.07, where
the low-energy spectral weight increases at first between
300 and 200 K before it suddenly starts to decrease be-
low TN ≈ 180 K. The increase of the low-energy spectral
weight at T > TN together with the absence of an α-
peak confirm the complete suppression of the Mott-gap
at x = 0.07. The crossover from a Mott-type to a Slater-
type gap thus occurs around x = 0.055.
At x = 0.15 the low-energy spectral weight increases
continuously toward low temperature, as expected for a
correlated metal. No sign of a gap formation is seen here
down to the lowest temperature and frequency measured.
Below the lower limit of our measurement of ∼ 10 meV,
there may still be a pseudogap, as it has been observed in
ARPES experiments [22, 32]. Indeed, the dc resistivity
data [40] are consistent with a decrease of the conduc-
tivity below ∼ 10 meV. A weak localization of (some of)
the charge carriers can also be the reason why the IMT
in the transport data occurs close to x = 0.07, rather
than at the collapse of the Mott-gap around x = 0.055.
Finally, note that the free carrier response in the metal-
lic state at x = 0.15 in Figure 1(f) is strongly tempera-
ture dependent. With decreasing temperature it gains a
large amount of spectral weight from the β-band. The
unusually high energy scale of this spectral weight redis-
tribution is evident from the graph of the spectral weight
difference, ∆S(ω) = S(ω, 10K)− S(ω, 300K), in the the
inset of Figure 1(f). It reveals a steep rise of ∆S(ω) below
about 200 meV, due to the spectral weight gain of the
Drude-response, that is followed by a more gradual de-
crease that continues up to about 1.5 eV, above which the
spectral weight is almost compensated. A weaker struc-
ture around 0.7 eV arises because the spectral weight loss
of the β-band is accompanied by a rather large red-shift
of about 100 meV. Notably, the inverse spectral weight
shift is observed for the insulating samples at x < 0.055
for which the spectral weight of the β-band increases as
the Mott-gap grows and depletes the in-gap states at low
T . The direction of the spectral weight redistribution be-
tween the β-band and the low-energy excitations changes
around x = 0.07. For this particular doping, the spectral
weight shift is limited to a much lower energy scale on
the order of the Slater-gap. While we do not have a con-
clusive explanation of this remarkable trend, it indicates
that the itinerant charge carriers at x = 0.15 remain
strongly correlated [64].
On the basis of the above described results and their
similarity to those of the cuprates and the results of Hub-
bard model based calculations, we have arrived at the
schematic representation of the doping dependence of the
low energy density of states of Sr2Ir1−xRhxO4 shown in
Fig. 4(b).
In summary, we studied the temperature- and doping-
dependence of the optical conductivity of Sr2Ir1−xRhxO4
crystals with 0 ≤ x ≤ 0.15. In particular, we showed
how the Mott-gap vanishes and how the in-gap states
and eventually a correlated metallic state emerge with
increasing Rh-doping. Moreover, we found that, just as
the Mott-gap collapses, a second kind of gap appears that
develops only in the AF state and thus is of a Slater-type.
Our findings suggest that the IMT in Sr2Ir1−xRhxO4 un-
dergoes a crossover from a Mott- to a Slater-type as con-
trolled by the delicate interplay between electronic cor-
relations, spin-orbit coupling, and antiferromagnetic or-
der. Finally, in the metallic state at x = 0.15 the Drude-
5response is also rather unusual since its spectral weight is
strongly temperature dependent with an underlying spec-
tral weight transfer that involves a large energy scale of
about 1.5 eV and thus is indicative of the persistence of
strong correlation effects.
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